Abstract The legal recognition of the geographical origin of wines, named Appellation of Origin, is of great interest for both consumers and producers, since it provides decisive criteria of acceptability in terms of guaranteed quality. However, when wines are considered to differ among the viticultural regions where they are produced, it is difficult to verify if the distinction is actually linked to their provenance, or, conversely if it is merely due to the work of the winemaker. Therefore, there is a need for methods that separate the effect of the geographical location from that of the human factor. Thirteen Merlot and 14 Cabernet Sauvignon vineyards were selected from two Appellations of Origin, named Binissalem and Pla i Llevant, located in the Balearic Islands (Spain). Grapes and soils were sampled evenly over the whole surface of each vineyard. Climatic and landscape conditions were also registered at each site. Univariable analysis was performed to evaluate the effect of the Appellation of Origin on the color intensity, the color tonality and the phenolic content of grapes, the silts, sands, clays and carbonate content of soils, the rainfall, the maximum and minimum temperature, and the elevation of the vineyards in 2009 and 2010. Based on the soil, climate, and landscape characteristics, a Partial Least Square Discriminant Analysis was used to discriminate between both Appellations of Origin. Results showed that a particular agroclimatic terroir may be defined for each Appellation of Origin. Indeed, this multivariate analysis led to a correct classification rate of 95 % for both 2009 and 2010 models and a prediction accuracy higher than 85.7 %. The research here proposed a methodology suitable for evaluating the appropriateness of contiguous viticultural Appellations of Origin in terms of a whole terroir concept, without considering the human factor.
Introduction
Wine is a complex matrix whose composition is dependent on grape variety, climate, and soil conditions of the production area, as well as on the viticultural and winemaking techniques used (Pérez-Magariño and González-San José 2001) . Most wine components, or at least its precursors, come directly from the vineyard and define a representative fingerprint in the grapes which enhances a personalized and particular character in wines.
The legal recognition of the geographical origin of wines, by certifications such as the Appellations of Origin or the Protected Geographical Indications, is of great interest to both consumers and producers, since it ensures a certain quality level and helps to maintain a certain individuality within a global market (Fabani et al. 2010) . To achieve these certifications, particular grape varieties must be cultivated in a well-defined geographical area and the wines subjected to regulations and controls carried out by a regulatory council (Pérez-Magariño et al. 2001) . According to the European legislation (Council Regulation no. 479/2008) , this recognition of authenticity is based on the essential attribution of their quality and particular characteristics to the geoclimatic environment involved in vineyard development and wine production.
According to the literature, geographical origin plays an important role in distinction of wines, since it may explain the similarities between wines from the same vine-growing region and the main differences between those from different ones. To establish wine differentiation, multivariate statistical techniques such as discriminant analysis, partial least squares discriminant analysis, and/or clustering analysis are usually applied. In the last decade, several reports have attempted to identify and differentiate among musts and/or wines according to their geographical origin, grape variety, and/or vintage year, among other discrimination criteria. For this purpose, the abovementioned multivariate techniques have been recently applied on the physicochemical, mineral, and/or sensory characteristics of wines (Cynkar et al. 2010; Fabani et al. 2010; Jaitz et al. 2010; Sáenz et al. 2010; Martin et al. 2012; Azcarate et al. 2013; Roullier-Gall et al. 2014) . Nevertheless, none of these studies explains their geographical differentiation on the basis of a whole terroir concept defined by the agroclimatic attributes of the viticultural region to which wines belong. Only González-Centeno et al. (2013) proposed the application of principal component analysis to the grape, soil, climate, and landscape attributes of the vine ecosystem as a multivariate methodology to evaluate the appropriateness of the Protected Geographical Indications recognition in a specific wine region. These authors achieved the differentiation among Protected Geographical Indications from the viticultural area of the Balearic Islands (Spain), demonstrating their historical existence and explaining it, in a first approach, on a more geographical basis without considering the human factor. The question is if such methodology, based on a whole terroir concept (soil, climate, and landscape), is still applicable when the studied wine certification areas border each other rather than being located on discrete islands, in different countries, and/or at a different latitude within the same country. When adjacent vine-growing regions are considered, the nuances of both climate and landscape, as well as soil composition, may not be accentuated enough. Thus, geographical differentiation of their wine certifications may be not so clear.
To address this issue, the present research is aimed at evaluating the potential use of a multivariate approach, based on the soil, climate, and landscape conditions involved in vineyard development, to differentiate between adjacent Appellations of Origin. For this purpose, two close vinegrowing areas of Mallorca (Balearic Islands, Spain), legally recognized as Appellations of Origin, were chosen (Fig. 1) In general, all the vineyards selected have been traditionally managed according to the same training system, rootstock, grapevine spacing, and irrigation conditions. All the vines presented an average age of 15 years.
Grapes
A representative grape sample was collected from each vineyard aforementioned, according to the guidelines previously reported by González-Centeno et al. (2013) . Briefly, facing rows were sampled in zigzag at the same time (in total, from five to ten depending on the vineyard surface), by collecting grape berries every three vines. At these positions, clusters located at different heights of the vine and under different sunshine conditions were considered. To avoid the heterogeneity within the cluster, grape berries were randomly collected at the upper, middle, and lower positions and both the external and internal faces of the cluster. Grape berries of different size and ripening degree were considered, by harvesting a minimum of 3 kg of grape sample per vineyard.
Once in the laboratory, all grape samples were subjected to a maceration process consisting of an incubation of grapes mashed with ethanol 57 % during 24 h at 24°C in the dark. Chromatic characteristics of the fresh macerated grape juice were estimated by assessing both color intensity and tonality parameters (Council Regulation no. 2676/90) with a MultiSkan Spectrum spectrophotometer (Thermo Fisher Scientific, Vanda, Finland) . Color intensity was calculated as the sum of absorbances at 420, 520, and 620 nm, whereas tonality was determined as the ratio between absorbance at 420 and 520 nm. Total phenolic content of the macerated grape juice was also spectrophotometrically evaluated in accordance with the Folin Ciocalteu assay described by González-Centeno et al. (2012) . Diluted solutions of the macerated grape juice (1:20, v/v) were prepared in EtOH 57 % for this measurement. Absorbance was recorded at a wavelength of 765 nm and a gallic acid calibration curve was used for calculation of total phenolic results.
Soil
All soil samples were collected within a maximum of 2 weeks during vine dormancy, at the end of March-beginning of April, either in 2009 or 2010 vintage. According to the procedure reported by González-Centeno et al. (2013) , a systematic sampling was carried out in each vineyard. Specifically, 20 to 30 sampling points evenly distributed over the whole surface of each single vineyard were considered, in order to get a whole representative soil sample per vineyard (from 10 to 15 kg). Individual samples at these points were taken from a depth of 0-20 cm. From the representative soil samples collected, texture (percentage of silts, sands, and clays) and carbonate content were measured in triplicate, by using USDA classification and the Bernard calcimeter (Pobel, Madrid, Spain), respectively.
Climatic and landscape data
Rainfall, maximum and minimum temperature, and elevation descriptors were considered. Specifically, the climatic data was provided by the National Institute of MeteorologyMeteorological Centre of the Balearic Islands; and elevation data, by the Service of Geographic Information Systems and Remote Sensing (SSIGT) of the University of the Balearic Islands.
ArcGis 9.3.1 software (ESRI-Environmental Systems Research Institute Inc., Redlands, CA, USA) was used to obtain the geolocated climatic and landscape data for each vineyard considered in the study.
Climatic data initially consisted of monthly information of the 2009 and 2010 vintages, but only the mean values for May conditions were used to characterize vineyards from both Appellations of Origin, since the flowering period of the vines, especially influenced by climatic conditions, mainly takes place during this month (Hidalgo 2002 ).
Statistical analysis
The effect of the Appellation of Origin on the color intensity, the color tonality, and the phenolic content of Merlot and Cabernet Sauvignon grapes; the silts, sands, clays, and carbonate content in soils; the rainfall; the maximum and minimum temperature; and the elevation of the vineyards were assessed for two consecutive vintages by using a Student's t test. Normality and homoscedasticity of residuals were evaluated for all tests, by using the Shapiro-Wilk test and Levene's test, respectively. The t test was substituted by the nonparametric Wilcox test when normality and/or homoscedasticity of residuals were not met. Differences at p<0.05 were considered to be statistically significant. All these statistical analyses were carried out using R software (version 3.0.2, R Foundation for Statistical Computing, Vienna, Austria). For further chemometrical processing, samples belonging to the same Appellation of Origin and vintage year were assigned by the same category, regardless of the grape variety. Based on the soil, climate, and landscape characteristics, a Partial Least Square Discriminant Analysis (PLS-DA) was used as multivariate tool to discriminate between both Appellations of Origin, separately for each vintage year. This supervised pattern recognition method was performed by using the XLSTAT software (version 2014 .2.07, Copyright Addinsoft 1995 . All data were autoscaled for each variable. A cross-validation procedure was coupled to the PLS-DA method to assess the accuracy of classification and the prediction capacity of the discriminant model. Therefore, two sample sets were considered at the multivariate treatment of the data from each vintage year: (i) the training set (20 samples, 75 % of the dataset) was used for developing the classification model; and (ii) the prediction set (7 samples randomly selected, 25 % of the dataset), for validating the model performance.
Results and discussion
Grape (phenolic content, color intensity, and tonality), soil (silts, sands, clays, and carbonate content), climate (rainfall, minimum and maximum temperature), and landscape (elevation) mean characteristics of the vineyards from Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant are depicted in Figs. 2 and 3. The variables analyzed corresponded to those previously described by González-Centeno et al. (2013) as the more discriminant ones to differentiate among the four Protected Geographical Indications located at the same vine-growing area (Balearic Islands, Spain).
With regard to grape features, significant differences (p<0.05) were observed between Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant for the phenolic content, the color intensity, and tonality-within all categories considered, except for Cabernet Sauvignon cultivar in 2009- (Fig. 2) . In general terms, regardless of the cultivar and the vintage year, grapes from Appellation of Origin Pla i Llevant denoted a higher color intensity, a lower color tonality, and a greater phenolic content than grapes from Appellation of Origin Binissalem (p<0.05).
For both vintage years considered, the vineyard soils from Appellation of Origin Pla i Llevant tended to be slightly richer in silts and sands, but poorer in clays and carbonates, than soils from Appellation of Origin Binissalem. However, differences were not significant, for none of the four parameters (p>0.05) (Fig. 3a-d) . Such results may be related to Majorcan geology, since soils from Appellation of Origin Binissalem are mainly constituted by quaternary calcareous red clays, while Appellation of Origin Pla i Llevant is set on several and different geological formations (geological cartography from Instituto Geológico y Minero de España). The spatial variability observed within and between vineyards from the same Appellation of Origin, and the contiguous location of both Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant, since they border each other on a discrete Mediterranean island, may have resulted in the absence of significant differences for the four parameters considered.
Regarding the climatic variables, it will be noticed that the rainfall regimen was more important in 2010 (99.9±7.8 mm for Appellation of Origin Binissalem and 70.5±45.2 mm for Appellation of Origin Pla i Llevant) than in 2009 (10.2± 1.8 mm for Appellation of Origin Binissalem and 19.8± 6.9 mm for Appellation of Origin Pla i Llevant) (Fig. 3e) . (Fig. 3h) , and highly influenced by proximity to the sea (Rosselló et al. 2003) . Generally, maximum and minimum mean temperatures of May were higher in 2009 than in 2010 in Mallorca Island (Fig. 3f, g ). No significant differences (p>0.05) were detected between both Appellations of Origin with regard to the temperature in 2009. In contrast, slightly higher minimum and maximum temperatures were recorded in vineyards from Appellation of Origin Pla i Llevant in 2010 (p<0.05). It is important to point out that despite being statistically significant, temperature nuances between both Appellations of Origin in 2010 were not very accentuated, once again due to their bordering location.
From the eleven initial variables investigated, only those referring to soil, climate, and landscape characteristics were considered in carrying out the Partial Least Squares Discriminant Analysis on the experimental database of each vintage year, in order to (i) characterize terroir differences between Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant and (ii) to relate them to the differences observed in grape characteristics of Merlot and Cabernet Sauvignon cultivars.
The Partial Least Squares Discriminant Analysis models for 2009 and 2010 vintages were both obtained using two principal components, which jointly explained 53 and 78 % of the total variance in the original datasets, respectively. The corresponding correlation maps of the explanatory variables (silts, sands, clays, and carbonate content in soils, rainfall, minimum and maximum temperature, elevation) and the studied categories (Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant) are depicted in Fig. 4 .
For both vintage years, the categories Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant were clearly separated one from another. Since only the soil, climate, and landscape characteristics of their vineyards were considered for the multivariate treatment of the data, a different agroclimatic terroir may be defined for each of the Appellations of Origin. It is important to point out that this differentiation is closely linked to the vintage effect, since the particular terroirs observed in 2009 slightly changed in 2010 due to the climatic differences at each vine-growing region from one year to the other.
Regardless of the vintage year, the terroir of the Appellation of Origin Binissalem was mainly characterized by the elevation of their vineyards and the higher clays and/or carbonate content of their soils. Meanwhile, the terroir of the Appellation of Origin Pla i Llevant was specially defined by the greater sands and/or silts content of their vineyard soils. In It is important to point out that the different terroirs described evidence the geographical entail of both Appellations of Origin to their winemaking area, as required by the European Council Regulation no. 479/2008. Furthermore, they may justify the phenolic and color differences previously observed between grapes from Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant, for both Merlot and Cabernet Sauvignon cultivars (Fig. 2) .
Several studies have previously reported the individual impact of soil (Van Leeuwen et al. 2004; Andrés de Prado et al. 2007; Gómez-Míguez et al., 2007) , climate (Van Leeuwen et al. 2004; Sadras and Soar 2009 ), or landscape (Mateus et al. 2001; Mateus et al. 2002) on the grape yield and/or composition. Nevertheless, research is rather scarce in explaining differences between grape characteristics with regard to a whole terroir concept-based on the combined effect of the soil, climate and landscape of the vineyard-and even more scarce when it is used to delineate vine-growing regions and/or to validate the appropriateness of their corresponding wine certifications of quality. For these purposes, wine composition and/or flavor is usually considered. Nonetheless, in line with the present study, Priori et al. (2014) conducted a multivariate approach to investigate relationships between soil, climate, and morphology of the vineyard with viticultural features of grapes (such as yield or sugar accumulation, among others), and to develop a terroir mapping model in the province of Siena (Italy). These authors discriminated nine different terroirs on the basis of elevation; mean annual temperature; annual precipitation; and clay, sand, and gravels content of soil, among other variables, and characterized the historical Appellations of Origin of the Siena region by one or more of those terroirs. Yau et al. (2013) also focused on environmental factors (elevation, rainfall, soil parameters, among others) that impact grape production to accurately characterize and delineate 13 recognized viticultural areas of the inland Pacific Northwest of America. Tables 1 and 2 (Table 1) . In contrast, for the vintage 2010, the category Appellation of Origin Pla i Llevant achieved 100 % of global assignment of their corresponding samples, and in the category Appellation of Origin Binissalem, 87.5 % of samples were correctly classified (Table 2 ). In spite of the contiguity of the studied Appellations of Origin, in both classification models, only one sample was mistakenly assigned to its original category. Thus, an appropriate classification according to the geographical origin is shown by the application of Partial Least Squares Discriminant Analysis to the experimental dataset. This might be explained by the fact that the PLS-DA algorithm maximizes the variance between categories rather than within the category (Azcarate et al. 2013) .
With regard to the model prediction, correct global classification rates of 87.5 and 100 % were achieved for the prediction sample sets of vintage 2009 and 2010, respectively. (Table 1 ). In the case of vintage 2010, the prediction accuracy for both categories was up to 100 %, since every sample from both Appellations of Origin was successfully predicted ( Table 2 ). The goodness of the PLS-DA models was evaluated by the coefficient of determination (R 2 ) and the prediction ability measured as the area under the curve at the sensitivity vs.
(1-specificity) plot. The coefficient of determination is a measure of how well the model fits the experimental data. In the present research, R 2 values were 0.53 and 0.78 for the models of 2009 and 2010, respectively. According to the literature, a large R 2 (closer to 1) is a necessary condition for a good model, but it is not sufficient, since a good prediction ability should be given (Cheng et al. 2014) . The area under the curve at the sensitivity vs. (1-specificity) plot ought to be as close to 1 as possible, since that means 100 % sensitivity (no false negatives) and 100 % specificity (no false positives). In the present research, values of 0.95 and 1.00 were calculated for the 2009 and 2010 PLS-DA models, respectively. These results ensured the accuracy of the predictions given and showed the good capacity of both PLS-DA models to predict new data.
According to the obtained results, differentiation between the two viticultural Appellations of Origin considered in the present research was demonstrated, based on the soil, climate, and landscape attributes of their vineyards, without considering the human factor. Each terroir defined both the vine growth as the grape properties at the corresponding Appellation of Origin, revealing some differences which in turn will be reflected, or even amplified, in wine flavor and aroma. Mulet et al. (1992) and Forcén et al. (1993) considered the same viticultural regions as the present research, previous to their legal recognition as Appellations of Origin. Both authors investigated the effect of the geographical origin on the differentiation of musts and/or wines from both regions, based on oenological parameters and volatile aroma composition, respectively. In comparison with the present investigation, lower percentages of correct classification were obtained with regard to the geographical origin (62-90 %).
The degree of correct classification achieved in the present research is comparable to the results previously reported in the literature for the geographical differentiation of wines according to their physicochemical, mineral, and/or sensory characteristics. For example, Jaitz et al. (2010) evaluated the effect of geographical origin on the differentiation of red wines from 11 viticultural Austrian regions, by applying discriminant analysis on their phenolic composition. These authors reported 84-100 % of correct classification. Similar results were described by Martin et al. (2012) for the discrimination of white and red wines from different regions of Australia, based on their elemental composition (83-100 % of correct classification). Cynkar et al. (2010) analysed Tempranillo wines produced in Australia and Spain by a mass spectrometry-based electronic nose instrument. A partial least squares discriminant analysis of the data led to a correct classification of 85 % of wines according to their geographical origin.
Other authors have recently reported similar percentages of correct classification by analyzing discrimination of musts and/or wines according to their geographical origin or viticultural region, on the basis of their phenolic composition (Franquet-Griell et al. 2012; Roullier-Gall et al. 2014) , chemical attributes (Rezaei and Reynolds 2010; Serrano-Lourido et al. 2012; Azcarate et al. 2013) , aroma profile (Sáenz et al. 2010) , or elemental composition (Gonzálvez et al. 2009; Paneque et al. 2009; Fabani et al. 2010; Paneque et al. 2010; Razic and Onjia 2010; Bentlin et al. 2011) .
Meanwhile, Soufleros et al. (2003) failed to discriminate adequately among white wines from six Greek viticultural regions based on their amino acid content. And Kontkanen et al. (2005) reported an incomplete differentiation among red wines from three Canadian regions on the basis of their sensory characterization.
In contrast with the present research, most of these studies include: (i) the human factor; and (ii) discriminant variables used to differentiate among wines from different Appellations of Origin, viticultural regions, or countries, which consist of physicochemical characteristics of the wines and not of the geographical environment in which they originated.
Each viticultural region has its own oenological tradition, heritage culture, and history, all of them highly conditioned by the human factor in winemaking. Thus, when wines are considered to differentiate among their regions of origin, and only composition parameters are examined as discriminant variables, it is difficult to verify if the distinction is actually linked to the geographical origin and agroclimatic environment involved in vineyard development, or, conversely it is simply the result of the winemakers' work.
For this reason, the research here analyzes a combination of the soil, climate, and landscape attributes of the viticultural regions considered, to characterize the terroirs which define them and justify the differences between their grape properties. Without considering the human impact, the multivariate approach carried out results in a significant differentiation among samples from Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant. In this context, the appropriateness of their historical existence in the Balearic Islands (Mallorca, Spain) has been corroborated and explained on a more geographical basis.
Conclusions
The present research proposes the application of Partial Least Squares Discriminant Analysis to the soil, climate, and landscape characteristics of the vineyards as a multivariate approach to evaluate and assess the effect that the agroclimatic fingerprint exerts on the vineyards differentiation according to the Appellation of Origin they belong to.
Despite the contiguity of Appellation of Origin Binissalem and Appellation of Origin Pla i Llevant, a particular agroclimatic terroir was observed for each wine certification. Phenolic and color differences observed in their corresponding grapes, which in turn will be reflected or even amplified in wine flavor and aroma, may be justified by these different terroirs. The application of Partial least Squares Discriminant Analysis allowed an appropriate classification of vineyards according to their Appellation of Origin over two consecutive years (95 % of correct classification in all cases), the prediction accuracy of the models being ≥85.7 %.
Furthermore, this study has provided the regulatory boards with the scientific evidence required in order to demonstrate the geographical entail of both Balearic Appellations of Origin to their winemaking area as specified by the Council Regulation no. 479/2008. In this context, the present research provides a valid methodology to evaluate and explain the historical existence and appropriateness of other viticultural appellations on a more geographical basis, in terms of a whole terroir concept without considering the human factor.
